Comparison of normal and dichotic colour mixing by Weert, C.M.M. de & Levelt, W.J.M.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
This full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/15431
 
 
 
Please be advised that this information was generated on 2014-11-11 and may be subject to
change.
t ¡sioii lies. Vol. 16. pp. 59 70. Pcrgamon Press 1976. Printed in Great Britain.
COMPARISON OF NORMAL AND DICHOPTIC 
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A bstract— Dichoptic mixtures of equiluminous components of different wavelengths were matched with 
a binocularly presented “monocular” mixture of appropriate chosen amounts of the same colour com­
ponents. Stimuli were chosen from the region of 49CM330 nm. Although satisfactory colour matches 
could be obtained, dichoptic mixtures differed from normal mixtures to a considerable extent. Mid- 
spectral stimuli tended to be more dominant in the dichoptic mixtures than either short or long 
wavelength stimuli. An attempt was made to describe the relation between monocular and dichoptic 
mixtures with one function containing a wavelength variable and an eye dominance parameter.
The existence of dichoptic colour mixing has always 
been an emotionally laden issue. Terms like “supersti­
tious curiosities” have been used for reports of the 
occurrence of yellow from red and green in different 
eyes (Dunlap, 1944). In Das’ review (1953) the history 
of dichoptic colour mixing experiments is given from 
1807 (Haldat) to 1953 (Thomas). The issue can best 
be characterized as a complicated Hering-Helmholtz 
controversy. On the one hand it relates to their con­
troversy on binocular interaction in general, on the 
other hand it also entails their controversy on colour 
vision, centered around the existence of retinal yellow 
and white detectors. Where in Helmholtz's theory of 
colour vision dichoptic fusion of red and green into
yellow should be easily possible through unconscious 
judgement, i.e. psychic fusion of the monocularly de­
rived impressions of red and green, he denied this 
possibility on the base of his own observations, where 
such mixtures did not occur. This was theoretically 
understandable according to Helmholtz, since, con­
trary to the monocular case, slight eye movements 
would immediately lead to a separation of the two 
colours so that their identity would be preserved. In 
Herings theory of colour vision, dichoptic yellow for­
mation was not easily comprehensible, but his ideas 
about binocular convergence of the neural pathways 
from both eyes did not exclude physiological mixing 
of colour signals in general. Where Hering could 
observe yellow from red and green in different eyes 
Helmholtz claimed he could not, although he gently 
admitted that others might be able to do so. For a 
more detailed survey of dichoptic colour mixture ex­
periments we refer to Das’ review.
Solving the problem of dichoptic colour mixing 
requires at least as much insight into monocular 
colour vision processes as in binocular interaction in 
general.
1 This research was supported by the Dutch Organization 
for Scientific Research (Z.W.O.), in a grant to the Visual 
Unit, V7, of the Stichting voor Biofysica.
RELEVANT DEVELOPM ENTS IN COLOUR
VISION THEORIES
An important result since Das’ review has been the 
growing agreement upon the existence of three types 
of photopigments with maximal absorption at about 
440, 535 and 570 nm. The Hering-Helmholtz contro­
versy has been partly solved by zone theories. All 
current theories have in common that different chan­
nels exist for brightness and colour information, 
though the way in which different cone types con­
tribute to the different channels is still a matter of 
controversy for the various models (Walraven, 1962; 
Hassenstein, 1968; Bouman. 1969; Guth, 1972; Koen- 
derink, 1972). We now know that opponent processes 
occur early in the neural chain of events (DeValois, 
1966), presumably already at the level of the retinal 
ganglion cells, going with nonlinear transformations 
of the receptor activities. The three-cone retinal phase 
alone accounts for the colour mixture laws, the 
further neural processing being unimportant for an 
understanding of these laws. But colour mixing laws 
describe only the beginning of the colour vision pro­
cess. In fact the three-cone theory would never have 
been established without making additional assump­
tions on further processing beyond the receptor 
phase. Many of these assumptions seem to be con­
firmed by electrophysiology, especially those related 
to the intermediate levels in the colour vision process.
However, little or nothing is known about colour 
transducer functions, let alone about the metric struc­
ture of the colour signals at the more central level, 
where binocular mixing might take place. In an intri­
guing theoretical analysis, which leans heavily upon 
the experimental approach of Hurvich and Jameson 
(1957, 1972) Krantz (1972) proposed methods for 
establishing metric scales for redness, greenness, etc., 
which could probably be conceived of as transducer 
functions. However, apart from the virtual impossibi­
lity of constructing such scales independently, the 
theoretical results do not allow for an obvious exten­
sion towards dichoptic colour mixing.
What we want to know ultimately is what kind
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of colour signals arc available at the level where bino- 
cular interaction may take place. All existing models 
end up with the splitting of signals into two chromatic 
channels and an achromatic channel. Gouras (1970) 
suggested a further combination of these kinds of sig­
nals. Stimulation of both eyes with different colours 
might be a tool to study the nature of the colour 
signals at a central level.
SOME RELATED FIND INGS OF BINOCULAR
INTERACTION IN GENERAL
Helmholtz’s notion of a completely independent de­
velopment of the monocular percepts, without any 
organic link between the two visual pathways, has 
at least partly been ruled out by electrophysiological 
findings of binocular interactions in single cortical 
cells for cats and monkeys (Hubei and Wiesel, 1968; 
Pettigrew, Nikara and Bishop, 1968) and in single 
cells in other areas of the brain, such as the superior 
colliculi (Kadoya, 1971).
The existence of convergence of neural signals from 
both eyes, however, does not necessarily mean con­
vergence of colour coded signals as well. The largely 
independent processing of different apsects of the 
visual stimuli does not allow for such a generaliza­
tion. Some examples may clarify this statement.
(i) The colour adaptation effect for orthogonal grat­
ings as described by McCollough (1965) does not 
show interocular transfer (Over, Long and Lovegrove, 
1973), although this statement has been challenged 
by M acKay (1973). Frequency adaptation effects as 
found by Blakcmore, Nachmias and Sutton (1970) do 
show an interocular transfer. Julesz (1971) interpreted 
these facts in the light of Hubei and Wiesel’s finding 
of the exclusively monocular excitability of colour 
coded cells in the visual cortex.
(ii) Julesz’s brightness contrast dot stereograms give 
rise to stable stereopsis. whereas stereograms, consist­
ing of pure colour contrast dots fail to produce ster­
eopsis (Lu and Fender. 1971). A very stable impres­
sion of depth can be obtained from disparate figures, 
differing in colour as lone as brightness contrasts are^  W  w
not reversed, even in spite of very strong colour 
rivalry.
These considerations warn us that the rejection of 
Helmholtz's independency idea, does not necessarily 
point to a physiological central mixture process, and 
furthermore that vve cannot directly derive the bino- 
cular colour combination process from knowledge 
about binocular brightness or contour combination 
processes. O ur direct information on dichoptic colour 
combination processes is comparatively small.
The aim of this study is to provide basic data on 
dichoptic colour mixing, which are still missing in 
the literature, and without which further theorizing 
about this phase of the colour vision process seems 
to be impossible. These basic data concern the com­
parison of dichoptic mixing of stimuli of different 
wavelength with the monocular mixture of the same 
components. Before discussing the general experimen­
tal conditions we want to express some expectations 
about this way of comparison. Monocular colour 
mixing obeys Grassman's laws. Each colour can be 
matched by appropriate chosen amounts of three pri­
maries. Changes of adaptation and multiplication of 
all components by a constant factor do not disturb 
the equivalence of the stimuli in the match, although 
colour appearance may change drastically. However, 
if we were able to match a dichoptic combination 
of two differently coloured stimuli by another dichop­
tic mixture or by a monoptic mixture of three pri­
maries, this colour match is not likely to persist for 
an arbitrary change in adaptation conditions, nor for 
multiplication of all components by a same factor, 
or for adding a colour component. Another impor­
tant, although strongly controversial law of monocu­
lar colour mixing, Abney’s law, is certainly not obeyed 
in dichoptic colour mixing. As an example, Thomas, 
Dimmick and Luria (1961) found full summation of 
brightness for differently coloured lights in the two 
eyes, whereas averaging was the rule for equally col­
oured lights. Whether or not these findings can be 
upheld, important differences are to be expected in 
monocular and dichoptic mixtures of the same com­
ponents. In view of these considerations, there is no 
direct reason to expect that the fusion product in a 
dichoptic combination of stimuli of different wave­
length should give rise to an apparent colour which 
can be exactly matched with a monocular mixture 
of the same colour components in appropriate 
amounts. Earlier studies, however, showed this to be 
possible to a high degree. For instance, Thomas et 
ul. (1961) used this procedure successfully. In other 
studies a related method was used. Livshitz (1940) 
compared a number of dichoptic red-green mixtures 
to a variable monocular mixture of 517 and 670 nm. 
Trendelenburg (cited by Schrodinger, 1926) and
Hoffman (1962) varied dichoptic red-green mixtures 
in order to match a standard monochromatic yellow. 
The possibility of such a two-component match 
obviously does not involve correctness of either 
Grassman's or Abney’s laws for dichoptic mixtures. 
We decided to apply Thom as’ type of comparison 
procedure, keeping in mind that it should be changed 
if strongly deviant results (impossibility of matchings) 
would be obtained.
THE EXPER IM EN TS
In order to produce resonably stable dichoptic mix­
tures, certain general stimulation conditions should 
be used.
(i) According to Thomas et al. (1961) long exposure 
times are necessary to obtain stable colour fusion. 
This is the main conclusion too in nearly all older 
studies, except in G unter’s (1951) study (not men­
tioned in Das’ review). In view of the exploratory 
character of our measurements vve decided to work 
initially in the medium to long range of exposure 
durations, starting with 500 msec as the lower limit.
(ii) Test stimuli presented on a dark background 
are better fused than stimuli on a light background 
according to Hering (1879) and Thomas (1961).
(iii) Although colour fusion is not completely 
excluded for dissimilarly contoured stimuli, complete 
spatial identity should be used, whereas stimuli 
should be small (Hering, 1879).
(iv) Because dichoptic-monoptic comparisons 
easily give rise to instabilities in the binocular sys­
tem (Levelt, 1965), the “monoptic” mixtures must be
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presented binocularly. Thomas ct ctl. also used this 
method. They presented test and comparison stimuli 
in adjacent fields. We use a separation between test 
fields and comparison fields, and between surround 
and test fields.
Apparatus
In Fig. 1 a diagram of the optical equipment is given. 
Monochromatic lights are provided by four Carl Zeiss 
prism monochromators, with tungsten filament lamps and/ 
or xenon arc lamps as lightsources. Test beams from M lf 
and M 2, with wavelengths Xt and X} resp., are reflected 
in beamsplitters B, and B2 and subsequently pass through 
the lower parts of the test targets T, and T 2. Comparison 
lights of the same wavelengths, X,- and Xr  from M lc and 
M 2c resp., are combined into a common beam by beam­
splitter prism Bj. The mixed-beam is split up again into
two equivalent beams y. and ¡i by an Al-film covered 90 
prism, B4. Beams a and (i pass over B, and B2, before 
passing through the upper parts of the test targets. The 
exit slits of M lf, M 2f, M 1c and M 2c are imaged upon the 
plane of the artificial pupils (AP), which have a circular 
diameter of 2 mm. The targets are seen in Maxwellian view. 
The subject’s head rests upon a chin rest and a forehead 
rest in order to fix the head more firmly. Pairs of mirrors 
m h m 2 and m 3, m4 allow precise accommodation of the 
optical system to the subject's interpupillary distance and 
allow variation of the angle of convergence. Intensities of 
the lightsources are controlled by voltage regulation and 
by means of compensated circular neutral density wedges 
(w,). We used a system of orthogonal polaroids P, and 
P 2 to control the relative amounts of the /.,• and Xj com­
ponents in the comparison mixture. An analyzer P3 could 
be rotated manually at a distance by the subject. If the 
inputs at P 3 from M lc and M 2c are equal in luminance, 
then the output P 3 is constant in luminance, independent 
of the angle of polarization if the P o la r o id ’s a b so rp t io n  
characteristics do not differ for the two wavelengths. For 
the luminance calibrations subjects individually made 
flicker-photometric comparisons of both components, that 
is: left test colour, left comparison colours, right test colour 
and right comparison colours (as a control) against a con-
r > rp *•* n .y ^
A P A.P
Fig. 1. Plan of the optical equipment: M,-, monochroma­
tors; B,. beamsplitter prisms; P„ polaroid filters; W,, neu­
tral density wedges; S,-. electromagnetic shutters; F,, flicker 
vane; T,, test targets; C, calibration light source; S, sur­
round illumination light source; A.P., artificial pupils; mf,
system of mirrors forming the eye piece.
stant calibration light patch, which was projected on a 
flicker vane just behind the target. The whole system of 
calibration light and flicker vane could simply be moved 
along an optical rail from left eye to right eye position. 
Equality in luminance at the observer's eye for the two 
orthogonally polarized comparison components does not 
necessarily mean equality in luminance at the position
before the analyzer, because of different losses in the opti­
cal system for different angles of polarization. W;e return 
to this problem in the description of the procedure.
Targets. Targets were made of black araldite (door-plate 
material). The upper layer was removed by milling out 
a ring with o.d. of 6 (in our optical equipment) and i.d. 
of 3-7 . A highly diffusing white surface is obtained in this 
way. A central hole, subtending 2-3° was divided in two 
parts by a small (50') horizontal stripe of matt black paper, 
upon which a small fixation point of white paper was 
attached in the middle. Surrounding ring and fixation 
point were illuminated from the frontside by a 50-W 
halogen lamp, the intensity of which could be controlled.
Separation of surround from test and comparison fields 
and separation of test fields from comparison fields was 
necessary, in our view, to reduce unwanted binocular con­
tour interactions at the one hand and to reduce simul­
taneous colour contrast effects at the other hand.
Modes o f  presentation. Three electromagnetic shutters 
(S,. S2, S3) with 5-cm circular openings, were controlled 
by means of a three-channel timer. The opening and clos­
ing times of the shutters were smaller than 10 msec. Pre­
sentation times of test and comparison could be set inde­
pendently.
Subjects. Three male subjects (S, L and W) served in 
these experiments. All three had normal uncorrected vision 
and did not show any colour vision defect. One of the 
subjects (L) was known to be strongly right eye dominant.
Experiment 1. Colour mixing at low level o f  luminance and 
short presentation time
Stimuli. Test stimuli were chosen from a series of 13 
possible wavelengths, ranging from 490 to 610 nm in 10- 
nm steps. The retinal illumination level was set at 50 td. 
Illumination of the surrounding ring was 50 td as well.
Procedure. Much care was taken to align the subject’s 
centers of the pupils to the artificial pupils. Subjects were 
asked to fixate the central white spot between upper and 
lower fields. The subject subsequently equated the 
luminances of left test field of wavelength Xh the Af com­
ponent of the comparison mixture (at the 0 position of 
P 3) and the Xj component of the comparison pair (at the 
90° position of P 3). Then the whole calibration system was 
moved to the right eye position and the procedure was 
repeated for the X} test stimulus in the right eye. Occa­
sionally, as a control, both comparison components were 
checked for the right eye too.
After some minutes of adaptation to the surrounding
ring luminance the test stimuli were presented for 500 msec 
in the lower fields, followed after a 500-msec pause by 
a 500-msec presentation of the comparison stimulus in the 
upper field. After a 500-msec pause, this cycle was repeated. 
The subjects were instructed to turn the analyzer knob 
such as to make an optimal colour match. In general, four 
to six repetitions were necessary to make a match. Each 
measurement was repeated at least five times. Next the 
Xi and Xj functions of the M lc and M 2c were exchanged 
and matched in luminance again (flicker photometric 
matches can be carried out very quickly by experienced 
observers), after which the whole procedure was repeated. 
This interchange was necessary because of a possible asym­
metry in the comparison beam.
All stimuli were combined with each other, except of 
course identical ones, and in most cases immediately neigh­
bouring pairs, because of the nearly arbitrary adjustments 
of the analyzer in these matches. We measured the whole
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matrix of possible combinations in left and right eye, 
because of possible existence of eye dominance effects.
Comments made by the subjects concerning the quality 
and stability of the matches were noted by the experi­
menter.
Results. Judgments about the quality of the obtained 
matches differed slightly for the different subjects. Most 
reports of instability were given by subject W, especially 
when a long wavelength stimulus was one of the mixture 
components. Subject S reported rivalry in very few cases. 
In cases where the matches were not optimal, subjects were 
scarcely able to indicate the difference between monocular 
and dichoptic mixtures verbally. Generally, remarks con­
cerned the desaturated character of the dichoptic mixture. 
This was not experienced however by subject S. Literature 
abounds in rather different descriptions of the modes of 
appearance of dichoptic colour combinations (Meenes, 
1939: Johannsen. 1930; Thomas el <//.. 1961). A special 
form of colour dominance, the so called Kollner effect 
is sometimes observed. This effect has been brought back 
in the literature by Crovitz (1964). It is a special form 
of rivalry, in which the left visual field is dominated by 
the colour of the left eye stimulus, and the right visual 
field is dominated by the colour of the riszht eve stimulus. 
But the reverse may occur as well (Crovitz. 1964).
All these modes of appearance have been reported now 
and then, but in general stable mixtures were obtained.
Sine square and cosine square of the angle of polariza­
tion of P 3 are used as indices for the relative amounts 
of the A,■ and Xj components, that are necessary to match 
the dichoptic mixture of equiluminous amounts of Xt and 
Xj stimuli in left and right eye respectively.
In Table la for one subject the proportion of the X} 
stimulus in the comparison mixture is given as a typical
example. For convenience we only tabulated the R(Xj)}i 
values, which stand for the proportion of the Xj stimulus 
in the comparison mixture, when a Xt stimulus in the left 
eye is mixed with a Xj stimulus in the right eye. L(X,); 
is the complement of R{Xj)?r Figure 2 gives a graphical 
representation of these results. The results for the other 
two subjects are given later on in the section of the analy­
sis. The strong decline of the contribution of the long 
wavelength stimuli is common to all observers.
Preliminary discussion
After completing experiment 1 we became rather 
concerned about various procedural aspects. Our first
concern was the hardly photopic level of retinal illu­
mination.
For one subject (W) a number of variations in the 
luminance level were tried out for a limited set of 
wavelength combinations. Retinal illumination was 
varied from 40 to about 1000 Id for the 600-540 pair 
in left and right eye respectively. The method of the 
presentation was the same as that in experiment 1. 
In Fig. 3a the results are given. There is a strong 
increase in the contribution of the 600-nm stimulus 
necessary to obtain a match. This is especially so in 
the lower luminance part.
In another experiment right eye test stimuli of dif­
ferent wavelengths were combined with a 600-nm 
stimulus in the left eye. Matches were determined for 
two luminance levels, 30 and 300 td. As can be seen 
in Fig. 3b. an increase of the red contribution 
occurred for all mixtures. Although a strengthening 
of the long wavelength contribution occurs, the share
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Fig. 2. Open symbols represent L(Xj)}i values, closed symbols represent R(Xj)?i values. R{Xj)}i stands 
for the proportion of the X} stimulus, necessary in the comparison stimulus to match a dichoptically 
presented mixture of a Xj stimulus in the right eye and a A, stimulus in the left eye. L{Xj)}l stands
for the proportion of the X} stimulus in the comparison mixture, necessary to match a dichoptic 
mixture of a Xj stimulus in the left eye and a /,• stimulus in the right eye. Arrows on the abscissa
indicate the Xt stimuli.
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Table 1(a) /?(/.;);., values. 50-td series, subject W. values represent the proportion of the Xj stimulus necessary in the comparison mixture to match a dichoptically
presented mixture of a X} stimulus in the right eye and a Xt stimulus in the left eye.
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------:_______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
Right eye stimuli
la 490 500 510 520 530 540 550 560 570 580 590 600 610
490 X X X X X X 0-675 0-672 0-596 0-637 0-676 0-665 0-650 0-492 0-392 0-355 X X X
500 X X X X X X X X X X X X 0-706 0-679 0-670 0-679 0-646 0-617 0-440 0-401 X X X
510 0-387 X X X X X X X X X X X X 0-648 0-657 0-663 0-582 0-542 0-383 0-335 0-189
520 0-440 0-473 X X X X X X X X X X X X 0-602 0-659 0-617 0-542 0-407 X X X 0-211
530 0-435 0-283 X X X X X X X X X X X X x  x  k 0-623 0-589 0-530 0-381 0-279 0-223
540 0-369 0-374 0-263 X X X X X X X X X X X X 0-622 0-600 0-550 0-416 0-309 0-186
550 0-423 0-372 0-396 0-399 X X X X X X X X X X X X 0-548 0-520 0-357 0-330 0*138
560 0-385 0-390 0-372 0-361 0-333 0-395 X X X X X X X X X 0-540 0-390 0-304 0-185
570 0-394 0-391 0-465 0-427 0-438 0-470 X X X X X X X X X X X X 0-422 0-370 0-201
580 0-530 0-500 0-502 0-495 0-516 0-576 0-480 X X X X X X X X X X X X 0-473 0-331
590 0-665 0-641 0-645 0-636 0-640 0-662 0-707 0-670 0-597 X X X X X X X X X 0-464
600 0-705 0-670 0-697 X X X 0-766 0-727 0-744 0-750 0-760 0-597 X X X X X X X X X
610 X X X X X X 0-785 0-785 0-830 0-801 0-844 0-816 0-814 0-702 X X X X X X X X X
(b) (lower triangle): dr values, computed according to v [1 — K(Aj);f] x ------------ —-  =  clr[ l  - R t t i h J
(c) (upper triangle): c(^/,)  values, computed according to m h  „  t ' - w M  -  «  ).
V [I -  KWj)J RVih,
lb, lc 490 500 510 520 530 540 550 560 570 580 590 600 610
490 X X X X X X 1-81 1*61 1-38 1-73 1-65 1-78 1-69 0-93 0-57 0-48 X X X
500 X X X X X X X X X X X X 2-46 1-88 1-85 1-85 1-69 1-27 0-66 0-64 X X X
510 1-14 X X X X X X X X X X X X 2-28 1-71 1-82 1-26 1-08 0-58 0-47 0-25
520 1-27 X X X X X X X X X X X X X X X 1-51 1-84 1-47 1 -09 0-63 X X X 0-27
530 0-99 0-97 X X X X X X X X X X X X X X X 1-82 1-38 1-06 0-59 0-34 0-25
540 1-01 M 2 0-81 X X X X X X X X X X X X 1-58 1-30 0-95 0-60 0-41 0-25
550 1-35 1-10 0-97 1-00 X X X X X X X X X X X X 1-16 1-08 0-48 0-41 0-17
560 M l 1-19 1-08 1 04 0-91 1-02 X X X X X X X X X 1-13 0-56 0-38 0-23
570 M 0 1-08 110 1-10 1-03 1-08 1-04 X X X X X X X X X 0-70 0-43 0-24
580 1-05 1-26 1 *09 1-07 106 1-14 1-21 1-04 X X X X X X X X X 0-78 0-46
590 1-13 1-18 1-06 1-10 1-05 1-18 1-15 1-14 1-04 X X X X X X X X X X X X
600 1-15 1-05 1-08
XXX 1-12 1-10 1-19 1-17 1-36 116 X X X X X X X X X
610 X X X X X X 0-90 0-99 1-18 0-96 0-93 1-00 1-05 1-07 X X X X X X X X X
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Fig. 3(a). Dependency of the 600-540-nm mixture behaviour as a function of retinal illumination. 
(h ) Behaviour of the 600-/.; mixtures for two levels of retinal illumination. For R(Xt)}r see explanation
in text.
of the red still remains below the level which could 
be expected if monocular and dichoptic mixing of col­
ours would be the same, as has been reported by 
a number of authors, e.g. Livshitz (1940).
A second concern relates to the level of luminance 
of the comparison mixture. As was outlined in the 
description of the apparatus, calibration of the com­
parison lights at the 0 and 90 positions of the ana­
lyzer, leads to a constant luminance of the compari­
son stimulus, independent of the colour. According 
to Thomas et cil (1961), however, stable dichoptic 
matches should only be obtained when the luminance 
of the comparison stimulus equalled twice the 
luminance of the test stimuli. We could simply realize 
this condition by equating the comparison com­
ponents at the 45 position of the polarizer P 3. 
Whether or not the thesis of Thomas et al. would 
be upheld, we used this way of comparison because 
of the higher accuracy of the angle of polarization 
as an index for the proportions of the two compari­
son components in the mixture and also since all 
subjects in the first series reported the dichoptic mix­
ture to be brighter than the comparison mixture in 
at least a number of cases.
Finally we found it useful to vary the mode of pre­
sentation in order to see whether our initial results 
would be strongly dependent upon the presentation 
condition. As an exploratory experiment we com­
pared three modes of presentation for a 300-td level: 
(a) 500-msec presentation of test and comparison 
stimuli simultaneously, with a 500-msec pause 
between the presentations; (b) 3-sec simultaneous pre­
sentation with a 500-msec pause; (c) alternating 500- 
msec presentation of test and comparison with a 500- 
msec pause between them. Just as in experiment 1, 
about 4-6 repetitions were enough to make a match. 
Although there were very slight differences between 
the simultaneous and the alternation method of pre­
sentation, we decided to use the 3-sec simultaneous 
presentation method for the second experimental 
series, because this mode of presentation gave rise 
to the most stable binocular mixtures.
Experiment 2. Colour mixing at a medium level o f  retinal 
illumination and long presentation time
Procedure. Test stimuli were equated in luminance at 
a 300-td level. The comparison stimuli were equated at
the 45 position of the analyzer. Test and comparison were 
presented simultaneously in 3-sec presentations, with off 
periods of 500 msec. The surrounding ring was kept at 
the same luminance as in the 500 msec series, that is at
the 50-td level.
Results. The dichoptic mixtures turned out to be more 
stable than in the lower luminance series of experiment
1. In Table 2a a typical example of the R{Xj)ii matrix is 
given for one subject. A global picture for all three subjects 
can be obtained from Fig. 4. The general pattern of results 
is similar to that of experiment 1, although some differ­
ences can be observed. The red decline is more pronounced 
in the low luminance series and furthermore the apparently 
enhanced predominance of the higher wavelength stimulus 
for neighbouring pairs seems to be more pronounced in 
the lower luminance series.
Analysis o f  the results o f  experiment 1 cuul experiment 
2
Although our ultimate goal should be the resolu­
tion of the dichoptic colour mixing problem in terms 
of colour vision mechanisms, we first set ourselves 
the more limited aim of describing the results with 
a minimal number of variables, which may or may 
not be related to some colour vision mechanism. 
Because of the more stable character of the matches 
in the higher luminance series, we start the analysis 
with these data. The global picture presented in Fig. 
4 suggests similar functions for all wavelengths, only 
differing in a shift along the ordinate. The R(kj)^  
curves suggest a simple two-factor description. One 
factor is related to a structural eye dominance, inde­
pendent of wavelength, the other is related to a single 
wavelength dependent function.
Let R{Xj);. and L(l,); be the proportions of the 
amounts of and stimuli, necessary to match the 
dichoptic mixture of equally luminous amounts of A, 
and Xj in left and right eye respectively. We propose 
that
R t t i h .
T T T P  =
*-A'Li t/.j
in which ilr represents a structural eye dominance 
factor and c(AjAf) represents a simple function:
c(A A,) =  ^
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and
( ) j l  m  
C(X^ ] =
dr and c(Áj/1,) values can be computed from
R i ^ R U i h j  =  2 
U h ) k  L U ; ) ; ,  ' r
and
m , j  R u ih¡ -  (CW  •
These values were computed for all three subjects. 
In order to save space we only present the complete 
tables for subject W: Tables lb and c for the first 
experimental series. Tables 2b and c for the second 
experiment.
For an evaluation of this simple description we 
have to consider: (1) the variation in dr\ and (2) the 
amount of fit obtained when the mean value of dr 
and the best fitting c\X) function are used to recon­
struct the R(Xj)ki values for all the experimentally 
determined combinations.
The dr values for subjects S and W seem to be 
reasonably constant as can be seen in the inscribed 
table in Fig. 5. For subject L the variation in dr is 
larger, especially in the 50-td series.
It still seems sensible, to see how much of the vari­
ance can be explained by the two factor description. 
In order to obtain such a measure, we determined 
the best fitting c’(X) function with the aid of Gullik- 
sen’s least squares procedure for incomplete matrices 
(Torgerson, 1958) in the following way:
Let Q(i,j) =
c'W,)
I_____________
Q(j, i) =
1 -  R fa )x¡ c U j )  
_  /?(/,);„ CU, )
I -  R t t j h ,  C U j)
clr.
■<K
and
Q(i,i) ,. .------= w(i,/) =
m  o
cV-i) ' 
cVj) _
Taking 4 log «>(/,/) =  #(/, j), we get <£(/J) = log c'(A,)
— log c’(Xj). In Gulliksen’s least square program
L — Z y [<i>(/,_/) — log c'(/) — logc'(/-)]2 is minimized, 
with c‘(l) as the variable. The amount of fit is 
expressed in the form of a loss function of the form
J y  [¿ (A ;);., -  R ( ^ , ] 2
V jj Z,7R(A;);,2 ’
in which R(kj)?i is the reconstructed R{kj)x. value. 
P is related to the amount of variance, explained by 
the 2-factor description as (1-P). 100%.
In Fig. 5, the best fitting c\X) functions are shown 
for the three subjects in the two experiments. In the 
inscribed table the stress values (P) are also indicated. 
In Figs. 6-8, the reconstructed RUj); . values are 
represented together with the empirical R(kj)?i values. 
For two subjects, L and W, the inaccuracy of the 
experimentally determined R values is indicated for 
a number of measurements. Generally a S.D. of about 
10% is found. One might ask to what extent the inac­
curacy of the measurements corresponds to reports 
of rivalry. We did not find an obvious correlation. 
It seems that, if any criterion has been taken, subjects 
are reasonably able to maintain it.
Table 2(a) /?(/;);., values. 300-td series, subject W. (See legend of Table la)
Right eye stimuli
5a 510 530 550 570 590 610 630
510 X X X X X X 0-520 0-535 0-500 0-337 0190
530 X X X X X X X X X 0*535 0-475 0-290 0-207
550 0-450 X X X X X X 0-500 0-450 0-306 0-165
570 0-425 0-460 0-475 X X X 0-450 0-263 0-225
590 0-497 0-530 0-580 X X X X X X 0-430 0-263
610 0-673 0-723 0-725 0-737 0-595 X X X XXX
630 0-801 0-817 0-815 X X X 0-690 X X X X X X
CO
<U
o
oJ
(b) (lower triangle): ilr values, (c) (upper triangle): c(/y.() values. (See legend of Tables
lb and c)
5b, 5c 510 530 550 570
nm
590 610 630
510 X X X X X X 1-15 1-25 1-00 0-47 0-24
530 X X X X X X X X X 116 0-90 0-39 0-24
r— 550 0-945 X X X X X X 105 0-77 0-41 0-21
«—* r-| 570 0-970 0-990 0-950 X X X 0-94 0-36 0-26
• vT 590 0-995 1-01 1-06 0-99 X X X 0-72 0-36
610 1-02 1-02 1-08 1-00 1-05 X X X X X X
630 0-975 108 0-935 X X X 0-89 X X X X X X
\.K. 16/1 I
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49£ 0i 550
0 5L-
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i
,610Li_ f
500  550 600 500 550 600 500 550 600 500 550 600 
S u b j e c t  L '3  s e c / 3 0 0  t d
V
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_L_ £
I
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_L
• v 8
0 5
-8^
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li_
'• D
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550 600 
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L_
N l 5^ 0
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i-
550
_L_
i r
0 5
i
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_L_
8— 8—
550 600
630
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S u b je c t  W 3 s e c / 3 0 0  td
Fig. 4. Sec legend of Fig. 2.
For subject L. systematic deviations of dr occur, 
especially in the 490-nm series. The 2-factor descrip­
tion seems to be not fully adequate for his case, 
although it explains about 90% of the experimental 
variance. Moreover, the general characteristics are the 
same as for the other subjects, as can be seen in Fig. 
5. Common to all observers is the change in c'(X) 
at the high wavelength side for the two levels of 
luminance. This corresponds to the earlier findings 
for a limited set of stimuli for subject W (Fig. 3).
The course of the c'(/.) function can simply be 
expressed in terms of chromaticity coordinates. If a 
stimulus of luminance L x and chromaticity x ltyi  is 
mixed monoptically with another stimulus of 
luminance L 2 and chromaticity x 2,y2, then the mix­
ture product has chromaticity coordinates given by:
+  x 2y lL 2 y i ) ’2(L\ +  L 2) x~. =  -------------------------- and y m = -------------------------
y 2L l -f ) \ L 2 V2L 1 ) ' \ L 2
For L, =  p .L2, these expressions are reduced to
Px i)’i + _v 1 -V 2 , ( l + r t v i 3;2 =  ------------------- and ym =  ------- — -----m
p y i  +  vi p v i  +  y  i
As we measured the dichoptic mixtures in terms 
of monoptic mixtures of the same components, we 
can interpret the c'(X) function as a kind of relative 
efficiency function, specific for the dichoptic combina­
tion. This, because of the fact that the dichoptic 
mixture of equiluminous test stimuli of wavelengths 
A, and X2 matches a monoptic mixture of the same 
components, which are now unequal in luminance. 
It is as if Lj(Aj) is effectively reduced or heightened 
with respect to L 2(X2) according to:
L < A )  = <~ L t t 2).
C ( / 2)
DISCUSSION
A number of earlier findings in dichoptic colour
mixing experiments can roughly be fitted into the c'(X) 
picture. Rochat (1922) found a strong dominance of 
the green stimulus in an attempt to determine the 
Rayleigh equation for a dichoptic mixture of red (671 
nm) and green (535 nm) into yellow (589 nm). Trende­
lenburg (cited in Schrodinger, 1926), and Hoffman
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Subject L Subject W Subject S
50 td  
500msec
300 td  
3 sec 5 0 3 0 0 50 3 0 0
* r I8 8 î0 5 0 I-421.026 1091010 1001005 102 ±019 10310 II
Stress 0 107 0 105 0101 0 056 0 1 0 8 0 0 6 9
nm
Fig. 5. Best fitting c\X) functions. The inscribed table represents clr and P values.
(1962) compared the relative amounts of red and ference factor was about 1-50 for the 533-631-nm
green stimuli, necessary to match a monochromatic match of a 582-nm standard. The c\X) picture also
yellow standard in a monoptic and in a dichoptic appears in a series of experiments on the mixture
mixture. The ratio of the amounts of 535 and 671 ratios of complementary colours, necessary to match
nm stimuli, necessary for the match of a 589-nm stan- a white comparison both monoptically and dichopti-
dard, was about 8 times larger for the monoptic cally (Trendelenburg, as cited by Schrodinger, 1926).
match than it was for the dichoptic match in Trende- In a fruitless attempt to evoke a sensation of yellow
lenburg’s study, whereas in Hoffman’s study the dif- in a dichoptic combination of unique red and unique
—  •  : Reconstructed (\ )yj Ai
o : Experimental R(Xj)Xi
Subject W ;500m sec/50td 
J__ _ __ il_____ I___
S ub jec t W;3 sec /300  trol.
Aj nm Xj n m
Fig. 6. (a) Open symbols represent the experimentally obtained R{Xj)k. values, closed symbols stand 
for the reconstructed R{kj)Xt values for the 50-td series. Subject W. (b) Open symbols represent the 
experimentally obtained R{Xj)kt values, closed symbols stand for the reconstructed R(Xj)kl values for
the 300-td series. Subject W.
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4 90 550 600 500 550 600
»X.
>x.
630
R ( \>X.
Subject  S 
3 s e c  / 3 0 0  t d
l_____ I
550 600
Xj n m
Fig. 7. Sec legend of Fig. 6. Subject S.
green stimuli, Hurvich and Jameson (1951) obtained 
a colourless impression, but they needed a ratio of 
red to sreen which was much larger than the ratio 
necessary to get a hueless impression in a monoptic 
mixture of the same components. The predominance 
of the middle wavelength stimuli over red and blue 
stimuli was also reported by Thomas ct al. (196*1), 
at least for part of their experiments.
We will now turn to some general concluding 
remarks:
(i) The most general conclusion is that a large part 
of the variance in our dichoptic colour mixing results 
can be explained by a 2-factor model, with one com­
ponent a wavelength dependent dichoptic efficiency 
junction, c'(A), and the other component a general eye 
dominance factor.
♦
0 5
490
*
570
*
590
R(X.)
610
Reconstructed R(X>)i'x
i
o Experimental R iX , ) *  
Subject L
i
530
1
510
500 550 600 490
Xj nm
(a) 5 0 0  msec / 5 0  td
♦
590
—
1 , t
610
630
(b): 3 s e c / 3 0 0  t d
Fig. 8. See legend of Hg. 6. Subject L.
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(ii) These results were obtained under the assump­
tion that a dichoptic mixture can be matched in 
colour by appropriate chosen amounts of the same 
components in a monoptic comparison mixture. For 
the region of wavelengths under concern, this assump­
tion could be maintained to a high degree, but we 
must remark that complete indistinguishability of the 
two types of colour mixtures is seldom attained. Often 
a difference in saturation is noticed, and in a number 
of cases especially when green-red mixtures were pre­
sented. other kinds of differences were noticed, which 
can hardly be expressed verbally.
(iii) The c(X) results should be interpreted very 
carefully, since the mixture results may be dependent 
upon the type of surround illumination used. Exper­
iments in which this variable is further studied are 
to be reported in another paper.
(iv) Though under the present conditions we have 
generally been able to obtain stable mixtures, there 
are many conditions under which such stable mix­
tures do not occur. Much information about the com­
bination process can probably be obtained from the 
unstable phases of the binocular colour combination 
process. Only very few data are available on this 
point. Pickford’s (1947) index of fuseability, derived 
in a factor analysis of stability judgments shows a 
resemblance to our c'(A) function. The precise relation 
between these quantities, however, is still unclear.
(v) As to the interpretation of the data, the 2-factor 
description represents only a first step towards the 
explanation of the mixture phenomena. Further steps 
should entail a proposal as to the central integration 
of peripherally arising opponent colour codes. The 
challenge of dichoptic experiments is especially to 
consider the central integrative phase of colour per­
ception, which is usually left out of consideration in 
monoptic colour work.
In a later paper we will try to present further steps 
towards such a model. Suffice it to say here that we 
see no reason to explain phenomena, such as dichoptic 
yellow from monocular red and green stimuli, in 
terms of the radical approach of Hecht (1928), who 
considered yellow synthesis as a central process for 
both the monoptic and the dichoptic case. In our view 
the existence of dichoptic yellow can very well be inte­
grated with the presently doubtless facts about the 
early locus (before binocular convergence) of yellow 
coding. Both the red and the green stimuli evoke a 
certain activity in the yellow-blue channels for the 
two eyes, and we think it is this common activity 
which forms the stable basis for dichoptic colour 
mixtures. Apart from the common yellow activity, a 
further contribution to the stability of the dichoptic 
colour mixture must be ascribed to the am ount of 
achromatic activity common in the two channels.
It remains to be seen whether colour codes enter 
directly into a binocular combination process, or that 
the different colour codes are first combined into 
higher order codes, before binocular combination 
occurs. It also remains to be seen whether opponent 
qualities are cancelled (Hurvich and Jameson, 1951), 
in a way analogous to the cancellation process in the 
peripheral colour coding, or that one or the other 
member of the opponent components attains com­
plete dominance in the dichoptic case.
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